The adsorption of Cu(II) 
INTRODUCTION
The main objective of this study is to evaluate binding characteristics of Cu(II) on Kraft lignin, and to scrutinize feasible application of different adsorption models for description of adsorption on this low-cost and environment-friendly adsorbent. Even though copper is generally considered to be non-toxic for humans, it is known that at a concentration exceeding 5 mg/L it imparts color and undesirable taste to water, and can cause acute and chronic disorders. The World Health Organization"s guideline for drinking water (1) recommends maximum permissible concentration for copper of 1 mg/L.
The effectiveness of an adsorbent is estimated on the bases of its capacity, adsorption rate, its mechanical strenght, possibility of regeneration and reuse, and so on. Various mathematical models are used in such evaluations. From experimental data of equilibrium adsorption at different temperatures, adsorbent capacity, afinity and adsorption ther-modynamic parameters can be estimated. For the calculations of thermodynamic parameters the value of coefficient K L of the Langmuir adsorption isotherm, is needed. Thus, the proper setting of K L is essential for a reliable evaluation of the thermodynamic parameters. If the thermodynamic parameters were properly assessed, they could provide indepth information regarding the inherent energy and structural changes after adsorption. However, a caution should be paid to any conclusions thus drawn, since the enthalpy and the entropy are not evaluated independently.
Success of Langmuir isotherm undoubtedly reflects its ability to fit a wide variety of adsorption data quite well, but it may also partly reflect the appealing simplicity of the isotherm equation and the ease with which its adjustable parameters can be estimated. Using these two parameters the isotherm can be transformed to a linear form that provides a simple estimation of the parameters by linear regression. This ease of fitting may lead to the Langmuir isotherm enjoying rather more reputation than it deserves since a closer examination often reveals systematic deviations of experimental data from the calculated isotherm. Just for these reasons in this paper we examine the impact of the choice among various linearised forms at the isotherm on the reliability of the estimates of the thermodynamic parameters.
The linear method of least squares has been frequently used for finding the parameters of the isotherm (2-5). The transformations of non-linear isotherm equations to linear forms implicitly alter their error structure and may also violate the error distribution and the normality assumptions on which the standard least squares method is based. This implies from a rigorous statistical analysis at calculated parameters.
In this study we analyzed four linear and one non-linear form of Langmuir isotherm model (Table1) and thermodynamic parameters obtained for each model. The method of least squares was used to predict the isotherm by linear regression method. For non-linear regression, the numerical minimization method implemented in Mathematica 6, Wolfram Research software tool, was used.
EXPERIMENTAL Materials
Water solutions of CuSO 4 of different concentrations, were prepared by dilution of 0.25 mol/l stock solutions with distilled water, just before experiments. All chemicals used were of analytical reagent grade.
Kraft lignin was obtained from the sulphate pulping process of poplar and beech wood (70:30) conducted in a pulp mill. Lignin was precipitated from black liquor with sulphuric acid, and washed with distilled water. After filtering and drying at room temperature, the lignin was obtained as a fine black-brown powder (particle size <0.25 mm).
Batch adsorption studies
Batch adsorption experiments were carried out by shaking 5 g (m) of Kraft lignin in 1 liter of copper aqueous solution of desired concentration at pH 4. The adsorption experiments were done at this pH in accordance with results of previous investigations (6, 7), and this pH value is below the on set of copper hydroxid precipitation. The suspension was shaken at 110 rpm, at two temperatures, 20 o C and 35 o C, up to 3 hours, which was the sufficient contact time (7). The lignin was then filtered through the Gooch G4 crucible, and residual copper ions in the filtrate were determined. The concentration of heavy metal ions in the aqueous solution before ( ) and after adsorption ( ) was determined using a Pye-Unicam SP 191 atomic absorption spectrophotometer. Experiments were carried out in duplicate and the results averaged.
The amount of heavy metal ions adsorbed per specified amount of adsorbent ( ) was calculated as follows:
Adsorption models
The Langmuir adsorption model [2] was used to describe the isothermal equilibrium adsorption, where q m is the maximum amount of heavy metal ions required to form a monolayer on the surface, K L is the Langmuir"s equilibrium constant, related to the affinity of the binding sites. The Langmuir isotherm is the most commonly used model to study the relation between the concentration of solute in liquid and solid phases at equilibrium conditions. The Langmuir isotherm equation (8) is derived from simple mass kinetics, assuming monolayer chemisorption. This model is based on the assumptions that all sorption sites are equal (homogenous surface), forces of interaction between sorbed molecules are negligible, once a molecule occupies a site no further sorption takes place. In this paper, the experimental data were fitted with four different linearized forms of the Langmuir isotherm, as well as well using the original nonlinear form [2] (Table 1) .
Table 1. Models of ishoterm equation

Isotherm Equation Plot
Non-linear model Langmuir q vs.
Linear model
Langmuir 1 vs.
Langmuir 2 vs.
Langmuir 3 vs.
Langmuir 4 vs.
The linearized form of the type Langmuir 1 is the most commonly used linear expression. The expressions of the Langmuir 2 type were also used to explain the equilibria phenomena of dye adsorption process (9) . The Langmuir constants q m and K L can be calculated from the plots: C/q versus C, 1/q versus 1/C, q versus q/C, and q/C versus q linearised equations, of the types 1, 2, 3 and 4, respectively.
Adsorption thermodynamics
In the design of the sorption systems, two types of thermodynamic properties, namely the directly measurable properties like temperature, and properties which cannot be measured directly such as equilibrium constant, entropy, S, and free energy, G, are required. Thus, to evaluate the thermodynamic characteristics which cannot be directly measured, the Gibbs free energy, G, was used. The Gibbs free energy and entropy are used to determine the nature of sorption chemical reactions or the nature of the sorption process. The reaction occurs spontaneously at a given temperature if the change of the Gibbs free energy, G has a negative value.
The changes of the thermodynamic parametersG, H and S were computed from the following equations. The standard molar or Gibbs free energy (G) of the adsorption process was calculated as: [3] where is the universal gas constant and T the temperature (K). The standard enthalpy change (H) was calculated from the values of K L parameter at two temperatures T 1 andT 2 as: [4] where K L1 and K L2 are the respective Langmuir parameters at these two temperatures.
Finally, the standard entropy change (S) for the process was calculated from the fundamental thermodynamic relation: [5] 
RESULTS AND DISCUSSION
On the basis of experimental data, it is necessary to determine Langmuir constants, in order to get the estimates of the thermodynamic parameters G, H and S. Table 2 . showed only Langmuir 2 isotherm at atemperature of 308 K ( Figure 2 ). As the non linear least squares method is more accurate than the linear one (2-5, 10-12), it is proposed to calculate the thermodynamic parameters from the Langmuir parameters obtained by non linear methods. From the estimate of thermodynamic parameters it can be concluded that the process is spontaneous at a given temperatures, because G has a negative value. The positive value of H, indicates that the sorption reaction is endothermic, which means that poplar sawdust has affinity toward copper ions. Generally, the heat evolved during physical adsorption is of the same order of magnitude as the heats of condensation, i.e., 2.1-20.9 kJ/mol, while the heats of chemisorption generally fall into a range of 80-200 kJ/mol (13) . So, the values of H in Table 1 indicate that Cu(II) adsorption on poplar sawdust
should be attributed to a physico-chemical adsorption process rather than to a pure physical or chemical adsorption process.
Since the different low cost adsorbent -heavy metal ions combinations have different values of thermodynamic parameters and it is not reasonable to expect a universal correlation between the corresponding enthalpy change and entropy change accompanying the adsorption (14) . 
CONCLUSION
Based on the obtained values of coefficient of determination, we conclude that all used adsorbent models give a good agreement with experimental data. The values of thermodynamic parameters depend on the choice of the model used to describe the experimental data. However, the differences between the calculated parameters are not essential. The enthalpy values vary considerably between the linear and non-linear Langmuir models. It is confirmed that the non-linear Langmuir method is the best method for obtaining isothermal parameters, and thus the thermodynamic parameters. Langmuir 4 is a linear form which has the highest coefficient of determination compared with other Lang-
